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(57) A list i-hci: A bncfnmvnt interferometer system is desenhrd which uses nematic liquid crystal cells (30. 32) to produce variable 
optica) p;uh difleiemvs (OPD) between light of different polanzanon states thai are interfered at a polarizing analyzer ( 1 3). Fixed 
retarders (31) n,av al<.o he incorporated to extend the range of OPD. The interferometer provides wide ficld-of-vicw. continuously 
variable path difference over a lat-e range, and an on-hoard monuoi of OPD for ensuring accurate .sellings of path difference, and 
hence, an accurate wavelength scale in the spectra produced by the apparatus. The system can further incorporate additional polar- 
izing optics (4. 9) so it lespnnds equally well to light ol anv modem polarization state without loss of efficiency. 
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Ut: " :;:e5: ° ptica: }nlerfercnce tc determine spectra] 

:i::eCtra: conte ^ ^ every pom; :. , 0: , e - or " twc . 
dimensional imaae or scene. 



2i 



' : • Dgscrigtion^oi^t be Related Axt 

optica] interference widely used in 

instruments such as the Michel son interferometer, the 
20 Bach-Zender interferometer, the Twyman-Gr eene 

interferons, the Ssgnac interferometer, and others. 
■H.cse divicc incident light intc two or more beams 
■ „ ^iieitia patns, wnach are tnen 

re-combined. An optica] path difference is developed 
between the paths, which results m constructive or 
Destructive interference, depending on the wavelength of 
light and on the optical path difference (OPD) . The 
intensity pattern resulting from this interference is 
termed an inter f c-rogr am . By observing the interf er ogram 
while varying the path difference, one can deduce the 
wavelength of light present in a monochromatic incident 
beam, or the amour,; of each wavelength component in a 
polychromatic beam. This spectrum i* obtained by means 
£ Fourier transform of the intensity signal, for 
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which reason these instruments are often termed Fourier 
r:ans]'orm spectrometers, or FTS instruments. 

The spectral resolving power of an FTS 
instrument depends directly on the range of OPD that can 
t dc- produced. Usually, the OPD is varied by mechanical 
means, such as actuators or piezeo-ei ectric crystals. 
This involves the motion or rotation of one or more 
ooticaJ elements, such as mirrors or windows, which 
j e a c s t o hie h c c s \ a n c com}:' J e x j t y g i v e n t h e need to 

3 0 centre] the OPD variation lo a smajj fraction of 

wavelength of liant. Other means are also used for 
varvinq path length. In some case° an electro-optic 
material is present in one or more ci the optical paths, 
a n c tii e 0 P : D n s v a r i e o o s e c t r o - o p t j c a J i y • However, this 

1; normaliv results in a limited range o: adjustment, as 
the modulation range of most electro-optic modulators is 
limited to approximately one wavelength of light. In 
other cases, one path contains a ceil or vessel which 
mav be evacuated or pressurized with gases, to produce 

20 an OPD change via the change in refractive index. 

Tt is common practice to incorporate some 
means for measuring the change in OPD, often via a laser 
reference beam. In these arrangements, the laser travels 
ajona the same paths as the light being analyzed, or 

21 travels an equivalent path located adjacent the aperture 
region, and its output is observed as the OPD is varied. 
This is especially common in mechanically-varied 
systems, or in systems which provide a large change in 
OPD, for which it is otherwise difficult to determine 

30 the exact OPD achieved by the system. These systems are 
generally complex, mechanically delicate, and thermally 
sensitive. 

Most FT. C systems provide a spectrum for the 
incident beam as a whole, and cannot provide spectra for 
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:yp: — : " - ' tr - e :-erk-rc::£r using a pixel at ec 
ce:e:lor sue;, as 5 CCD or C1D sensor. Cabib teaches in 
— ^ - - * use c: 1 s w - f : n esse Pa b r ' ■■ - : - r <~ f 

interferometers and inter lercmet ers which spin the 
^ncicen. oe.am into a Unite ;v.:;:,rc-: c: Learns, lor the 

- r ^ r- *■ c g j l ■■; -, - 

• * - / ■ ^ ^ , ^ 1 - , j. r . 

Deoendinc cn th^ — m~ > 



] C:: , anc m 5,539,51 7. 



* ^...^u . , j..-.:.. . . xe .. cn the sensor 

may corresponc with a given pom* m. tne scene nemo 
15 imaged tor al j OPD settings, or it may not. Tor example, 
an instrument as commerci a 1 1 y available from Applied 
Spectraj ]mac:ric, in tficdal e r: , Israel. ]n this 

instrument, tne relationship between pixel location anc 
scene location varies as the OPD j = changed, h careful 
account j nc must be made to determine which pixel 
corresponds to which image point, for each different 
ODD, before the spectra can be calculated, k 1 el a ted 

i . j_ ^ . — . ^ . „ ^ ■„ ^ ^ ^ e ■ i j e ^ t- j . ^ a , ; a ^ uiSlIGl^ p j x e i s : 

as the OPD .i r varied, the sensor location correspondina 
2b to a given scene location will move from .being within a 
given pixel, to the adjacent region which lies between 
pixels. This causes image smear, and mixing of the 
spectral content of adjacent pixels. Further, it is not 
easy to acquire images of objects that move between 
successive exposures, since registration error cannot be 
corrected by a simple Cartesian shift. 

An ctner type of interferometer described by 
Buiean in U . - <5, 905, 1 69 avoics many of the problems of 
classical interferometers. It uses a phot o - e 1 a s 1 1 c 
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modulator (PEM) or equivalent device to imprint a time- 
ryinc retardance on a beam of polarized incident 
light, which then passes through a linear polarizer 
after which its intensity is measured at a 
photodetector. By Fourier analysis of the intensity 
signal, the spectral content of the incident light is 
determined. This instrument acts as an interferometer, 
based en polarization. The time-varying retardance is 
equivalent to an OPD between the components polarized 
a l ono the ordinary ana extraordinary axes of the PEM, 
^..rif =t t- 1 .- r.rijarizer oeiieiatcr the 
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anc t).> '-"-'J 

equivalent of an inter f erog i am . 

Euican's instrument offers the benefits of 
r~.< m,-nn.-. n = rt9. and rioaedness. 

S3mp.! 3 City, eiwei^c ... ^ -■■ - 

Consequently, it can be built more economically than 
present-day alternatives. However, there are a few 
severe limitations. PEM devices provide an adequate 
ranae of OPD only when operated in resonant mode. This 
means that the glass or crystal element involved is 
excitec with transducers a; or near the frequency of 
mechanical resonance, which is typically in excess of 10 
kHz, and more commonly in the range 50-80 kHz. Since the 
PEM underdoes an OPD excursion of up to 1 6 wavelengths, 
one would need to measure the interf erogram intensity a 
minimum of 32 times per OPD sweep to achieve trie Nyquist 
sampling criterion. Because the OPD is swept twice 
during each PEM oscillation, a total of 64 readings must 
be taxen in 100 microseconds or less, or 1.6 
microseconds per reading. This is possible with high- 
speec non-imaging detector? such as phot odi odes or 
photomultiplier tubes ( PMT } , but not with imaging 
detectors like CCD or CID sensors. These sensors have 
much slower readout rates, since each readout involves 
digitizing many pixels. While very short expesure times 
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:: a no-sequential approaches, where 
coupled with a spectral filter 



^e::.:- nave ut all zee 
imaging detector i> 
Lxarnpl es based on 
o j ement s mcj uc;t 



^•7. 10 377,001, anc C. 
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. w: : e :. . al . , 
U.S. 5,216,4 84. 

Ka - VG ;e£Cl!t:; in U.S. 4,272, 19b a wavelength 

ii|f ' r - 5lir]ri 5 system comprising a single J: quid crystal eel] 
; ' ;r:]crj 1S driven with a varyinc vcltcgc- while 
incident li^ht casses t hi ouuh 



t n 



n j i j_ v o >- tr t n r- 



of the cell, through the cell, anc onto a detector. By 
adjusting the duve voltage, the leiaroance of the cell 
altered, producing a series of maxima and minima a! 
tne detector. The maxima and minima are counted to 
o-i ermine the wave j snath of quasi -monochromatic mcideni 
light. For light with a finite bandwidth, an estimate oi 
the bandwidth is obtained by observing the decrease in 
contrast at higher retardances relative to low 
reterdarice. Tru- system is noi capable oi spectra] 
^-siysis, nor c: identifying pluraJ wavelengths m an 
oot:ca_ beam, as the only miormatjon available is thi 
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number of maxima and minima during an overall retardance 
excursion; hence only the mean-center wavelength is 
sensed . 

Kaye teaches in U.S. 4, 4 -'i, 4 69 a fluorescence 
5 imaging system where a liquid crystal variable retarder 
is used with polarizers to selectively block a given 
excitation wavelength, while transmitting nearby 
wavelengths at which there is fluorescence emission. The 
retardance is stepped by integral multiples of the 

1 0 ( 2 c .i t a t i on w a v e 1 e n o t h , s o t h at t b e e >: c i t a t i on ba n d 

remains blocked in all cases, while the system exhibits 
a variety of spectral transmission responses in the 
errnssion band. This overcomes the 1 imitation that, for a 
oiven retardance setting, certain emission wavelengths 
lb art also extinguished, and it is said to provide an 
average transmission oi approximately one-naif for most 
wavelengths in the emission light. No attempt is made to 
utilize the variation in detected signal versus retarder 
setting in an effort to determine the spectral content 

2 0 o. f the fluorescent light. Kaye also teaches that a fixed 

reiarder element such as a Quartz wavepJate or the like 
may be used in series with the liquid crystal cell. This 
Causes Die system to operate in hi oner order, and the 
spacing between transmitted and extinguished wavelengths 

2b ir reduced. This enables use with fluorescent probes 
having a short Stokes shift. 

Mercer teaches in U.S. b, 689,314 a point- 
dif fraction interferometer which user liquid crystal 
material to preferentially introduce a phase shift in 

30 tnf- region surrounding a glass o: plastic sphere 
emnedded in the liquid crystal materia^ . The sphere acts 
as a pinhole in this non-imaging system. Polarized light 
1 r- divided into a reference beam, which passes through 
the glass sphere, and an object beam which passes 
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: " ' ' ' ' T : ' * : ; • ' * - ' ' : " ' • " } ' - metier c : v. r a t 

C5ral]el ^ ^ sic* txi, c: the liquid crystal 

:: ' 5leria ^ ;:C a ^ ;::e ? h£Se :s Licoucec, rather man 

a c h 3 n c e : r. :;o. ar; ration state. 



' c:: :: ' — e — ~ :.r U.S. i. , 6 5 c , 4^ 1 
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' -^ctcd :. a fi: , ec retarcer 
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~nc, wi th 
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coneiencG lehctn ot ncii -core i en: .light, out is shorter 



: -strata • .: . ..• ; -nt 1 .: :r ; ; 



' • " ' iJi *' v ' : : : ,:: - 1 : f 3tarce: ty.;aec to adjust the 

overall reiarcancc, and the- ]esultmc beam is chec'Kec 
tor moduiatjo:., wnich would irdioate the presence of 

coherent J i oht . 

Benda]] leaches m U. h . 1,600,44 0 a Mjchej son 
interferoii.etej with liquic crysta] phase modulators in 
each arm of the i nt e r 1 e r omet e : . Pr-hjated liquid crystal 
dements P JCVJOr: - °ne- or • v, - mens en a 1 linear array 
c: P ixej : " " cC - °- whose p;,co- may be independently 
adjusted. Tn> d.^oticj iGsjJudo:. j y shown as related to 
the numbe: ol distinct pixel recjons in the la quid 
crystal cells, but the reasor jot this is unclear. h 
single-pas* version use; only a single beam; an 
mterf eroaram is developed by unspecified means. One 
embodiment o: the single-beam, sincle-pass instrument 
uses a pair ol adjacent sequential liquid crystal cells, 
driven loenti caliy, with orthogonally-oriented slow 
axes, to produce pure phase modulation. The reliance on 
a Michel sen design renders thr instrument thermally- 
sensitive, and requires fabrication of many precision 
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optica] surfaces; these concerns are in no way 
ameliorated through the use of liquid crystal elements. 

Others, including Kaye in U.S. 4,394,069 and 
Tatsuo Uchida in Laser Focus World, May 1999, page 6b, 
[. nave taught the use of N liquid crystal cells and N+] 
polarizers in optical series to form a Lyot filter. The 
thickness of the liquid crystal layers is carefully 
maintained m a ratio of integers or ha 1 f- integer s . When 
like voltages are applied tc all cells, they express 

1 0 r c t a roancG s w h 1 r h a r r i n t h >r s a in c i n t o q r a 1 or ] j a .1 t - 

inr.ecral ratio.'- . By proper r.- -i on usi no these rolls 
sandwiched between polarizers, a Lye; filter is formed 
which can be easily tuned by varying the voltage that as 
applied to trie ensemble of cell 1 ".- Kaye teaches the use 
1: of this assembly as a tunable spectrometer. However, 
construction cl an instrument with high resolution is 
difficult, cue tc mismatch between cells, thermal drift, 
and component tojerances. The same factors limit t he- 
wavelength accuracy of a spectrometer built on these 

2 0 principles . 

Itch e\ . el. teach Ki Optics Letters Volume 
15(11), pp 65?- € 5^ (1 990) the use of a nematic liquid 
crystal eel" "in jefiection mooe to act as a Fourier- 
Lransform spectrometer in an imaging system using a CCD 

2! detector. But they point out that t.neir system suffers 
from strong depenoence on incident angle, leading to a 
severely limited f i eld-of -vi ew, which is asymmetric and 
not easy to study or remove by pc st -processing o: thr 
interf erograms . Further, the system is prone to drift 

3C and does no; produce a stable OPD as the ambient 
temperature : s varied. 

Sharp et. al . teacr. another birefringent 
interferometer in SP1E Proc. 2384, Conference on 
Photonic Processing Technologies and Applications 11, 
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J r L " V a J u - - : J a ' ' ' r * P : '> - •■ > •> - 1 *r v - : . in The;.: spacing. 
" :: " y •' •'• vi-y. spacing with th: svste;:, 

exocrine tojeiences, wb:cn ^ c^t'v Tn<-- ^ — - r - ^ <~ 
furthe: incorporates an achroir.at- c quarter-wave prate to 
digitally switch the retardat a on, wavelength- 
inoepenoentiy, in quart e: -wave steps. Yet this does not 
ome] :.orait the problems ;J : c-uant on by discrete- OPD 
5tor - Fi:rtne - sjnee - nrcc-jces e: fixed pojar:iaticn 
rotation f0Ij the Pomcarc sphere;, this element effects 
an opn vhal : : proportion:: to wavelength. Since it does 
noT Provide the same OPP !o: all waverenatns (even in 
the absence of dispersion;, but rathe: provides a 
constant neor^H of no] an seta on rotation independent of 
wavelength, it is not clear whether any meaningful 
spectra] information is earned from the use of this 
e i e rn e n t . 

Miller teacne:- an U.S. b, 24 7, 376 the 
construction of Lyot and Sole filters using liquid 
crystal cells in combination with fixed retaroers. This 
provide- Igj retardance: that can be large, yet 
variabje, from which a Ijcuid crystal tunable filter 
(LCTF; of hi ah spectral resolution can be built. The 
retarcancc ot each liquid crystal cell is sensed bv an 
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eiectracaj scheme, enabling precise tunino despite 
thermal drill, aging, and the .like. In distinction to 
Kave 4,394,069, different voltages are required at each 
stage to achieve proper tuning. The drive levels are 
calculated by a microprocessor, based on the properties 
of the faxed retarders and liquid crystal cells 
involved . 

Kave teaches in U.S. 4,4 97,541":' that two 
nematic liquid crystal cells of the type conventionally 
] C , rermed ' f 1 a t - f i el d ' cells, consi rucLed with mirror- 
rv!r .m e r r i o pr p-t i 1 1 annl es , may be placed in sen c- s to 
provide an overall retarcance that is significantly 
freer of off-axis variation in retardance than a single 
f "! a t -- f i r 1 c cell. This b e n e f i i i s e s n e o i a 1 1 v n r e a i under 
11 partial-drive conditi ons . 

Miller teaches in U.S. 4,848,877 the use of a 
monochromatic light oeam t o del ermine the retarcance of 
a nematic variable retarcance liquid crystal cell while 
it is in use, or at intervals. The beam is polarized 
prior to entering th<= liquid crystal cell, preferably at 
or near an axis of 4 5 decrees vitn respect to the iiquio 
crvstal director axis. It is then analysed and its 
intensity is delected, t r on. which the transmission and 
cell retarcance are determined, 
os So, while interferometers, PEM-based 

polarization interferometers, AOTFs, LCTFs anc various 
liquid crystal arrangements have been taught by the 
prior art, ail have severe- limitations. Those which 
provide for spectral imaging by interference means such 
30 as Michel son, Sagnac, or other interferometers suffer 
from hi or. cos: and complexity. PEM systems are not 
compatible with imaging detectors, and require a 
scanninc mechanism if an imaor is sought. AOTFs and 
LCTFs have 1 ow throughput anc, since they renect all 
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Ce:iCe - sle - o: Kay, provides acta : cr collection 

re'scer. ce em; c: ■= r ■ :■ • r ■ ,« - . .. .... 

' ••■ - :; - - - f>:c:tit:or. 

v;:r::C ' Jt '"">' ^■■■■■r- :or 1 e , .- ; , . .. . , ? spec ; r , ;rr 

5:rr - !: ^ : - — a :-: V aec, econcn.i cal , 

means !cr iipectraj imaaina. 



A;UMKAKY_ OF THE INVENTIO N 
It is the-- 5 in, oJ the- present Invention tc 
provide £ simple-, iov-cosl means i cr spectra] imagine. 
j: : ' ; " : — ther am :o prcvine for enhanced ruggedness 
eve; mechanically-opeiated FTS instruments. It is yet 
another aim to provide- tn:s capability in a device which 
smaller than any prjoi-art device, and preferably at 
Jtc5; £n ° J 'aer o! inaansnude smaller than any pricr art 
oevjco, so that it car, ;., .incorporated ime microscopes, 
tej scopes, and the } j , WJ thout diff jcujty. 

The invention consists of an apparatus and 
method for providmc spectral information vie one or 
more liquid crystal variable retardei cells situated 
Between a pair of polarizers, to ;onn a polarization 
interferometer that i continuously variable over a 
substantial range of OPD. This interferometer is used 
tcoether with a detector to read overall intensity while 
tiu liquid crystal retardance is varied by known 
amount. From trie pattern o: variation with OPD, the 
spect run, 15 obtainec '-?mo Fourier transform methods. 
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The assembly forms an imagine spect rome t e r 
that is simple, economical, and capable of precise 
soectroscopic analysis. It provides nearly diffraction- 
J united image qua] ity, and can be built using two- 
dimensional pixelated detectors such as CCD and CTD 
sensors. This arrangement yields spectra for every point 
in a complex scene, using very simple equipment and 
conventional imaging detectors. 

It is possible to incorporate fixed retaroers 
] f; such as quart? or calcite wavepl a t e- into the 
n 1 a r i ?. a t. i o n i r "; 1 r -r i e r c m e t e i , to achieve a greater r a n g - 
OPC adjustment and realize higher spectra] 
resolution. Several cells may be combined in s e r i e s 
w thout si anif I cantiy oearadino the- image quality, OPD 
1: selection, o; ofl-axii properties. The invention 
preierably includes a reference beam, such as from a 
laser diode, to provide in-situ monitoring of the OPD. 

Unlike the- Saqnac interferometer of Cabib, a 
qiven sensor pixel corresponds to a single scene 
20 location, recardiess of the OPD setting of the liquid 
crvstai elements, As there are no moving parts, nor any 
electro-optic deflection, there is no shift in the image 
the OPD j. 1 - vailed. Image quality is essentially 
diffraction-limited. Calibration of wavelength scale is 
2! straightforward and reproducible, and there is 
essentially no thermal drift. Similarly, the calibration 
of intensity (or transmission) values is direct. 

7H the- liquid crystal cell setting 
corresponding to an OPD of zero, essentially all light 
3(, is transmitted to the sensor, independent of wavelength. 
Thus, for focusing and other operations, one may image 
all points in the scene directly without any 
attenuation. 
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- — -as;ineuc fluorescent sbcecas. 

.-i i..-. . . -.r^ , i: may :_e p_ae-a ac; acent a . amp and usee 



c r — r - light wheer 
"■ay * : • a ;_ . ■:- v^wec wits, 
t - .v/c:. a i - :. a .. • a *. . _n , an a 



•a: : a : e s a s c e a e ; a a a a a e a e 
a a c a a t or a s i n a essentaallv 
oaarc ••- :.'-d ;c; each 



;j si :: ■ : ' : : •' ' '■ - • " ■ ; : : a no . In::; ... 

i n t or: eroae t era such a: 
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1 r ' v ' ;: - axzri c i: c n L a - e - : : ; ■ a c a r a a a a i o a interierence, 

can be constructed to ut:j:z- both polarization states 
of ^cri; in an incident otaa. Thus, it can achieve 
: h: C! - : - y • : 8C ^ ev ^- ^o: ;a:n.aariZGG scenes. It can 
there! cc-'- L ' ;r " - 5ec ^- jo,;-];: ana settings : aan as 
fluorescence without a penalty in efficiency. It can 
20 a]so bc " used :i - n remote sensing, medical imaamc, bright- 
field nucnacopy, co J o a i ji : ■- v ■ y , aeneral speca r cscopv , ana 
ct he r appl : cat] on s . 

nt!jC] ' objects ana i cat urea ci tna present 
invention will become apparent from the following 
oetaijed description considered in conjunction with the 
accompanying drawings. It is to iae understood, however, 
that the drawings are designed solely for purposes of 
illustrat i on and not as a definition of the limits of 
tne invention, for which reference should be maae to the 
30 appended claims. It should be further understood that 
the drawmcr are not necessarily drawn to scale and 
that, unless otherwise indicated, they are merely 
mtendec u conceptually iliustrate the structures and 
procedures aescrioed herein. 
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BR1KF DF.SCRI_PT3 0N OF THE DRA WIN GS 

In the drawings: 

Fioure ] depict? the invention, comprising a 
i; retardance adjustment unit (RAU) between two polarizers, 
a photodetect or , and control circuitry which reads the 
p.hotodetector signal, controls trie RAU, and determines 

the spectrum. 

Fjcure 2 depicts one arrangement lor 
] 0 construct i nc the RAU, incorporating one cn more 

. . . ■ _ i- ^. _ .- i , : • -m rpl 1 c i )-, '-i t -; < ■ ^ i 

\ ci I _l cs JJ -i c ~ j l, f j J ^c-i i -i -i j ^ -> v ■ - ■ 1 • - ■■* * ^ ~ 1 • ^ ^ ^ 

. c ; e r i e s . 

Figure 3a depict;- an arrangement for 
c o ns t r u c t .in c t j i e RAu , i n c o r p o r a 1 1 nc t w o c e 1 j s ^ nc c 
11 compensation film tor improved off -axis performance. 

Figure 3b depicts an arrangement for 
constructing the RAU , incorporating four eel's and a 
compensation film for irr.provec off-axis performance 
and/or greater OPD. 
2Q Figure- 3c depicts another arrangement for 

c on s t r u c 1 1 r. c t h c, RAU , j n c o r po r a 1 1 n g multiple 

compensation films in an alternative approach to 
:omper.E5iiriC off -axis performance. 

Figure 4 depicts a particular arrangement for 
2b incorporating fixed retarders in the RAU, using twisted- 
nematic cells to switch ths sense of the retarders 
between additive and subtractive with the liquid crystal 
variable- retardance cells . 

Figure 5) depict? another arrangement. for 
30 constructing the RAU with va r i abl e-reta rdance liquid 
crystal ce] 1 s and fixed retarder elements such as quartz 
waveolates, using variabl e-r eiarcance switching means. 
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— j t :.. ;*.-:'.* - - c h t , ecici; men eon: c:ta t i c nut ; , a v : n c c i f f erer.t 

'-' - 9 1J r ' : - 4 ::: G P : - ^ rj ^ s i o n a _ 5 * t ; . v c.i etectoj 
15 a e the CI : 0 is variec, lor incident Hah* consisting of 
: e v e r a 1 w a v e J engt h s a t en c t . 

Figure I C depicts tia methoc lor' caj cilatinq 
tnt spectrum of incident light using the present 

2 0 

PETTO LED D ESCRIPTIO N OF T HE PRESENTLY PREF E RRED EMBODIMENTS 

The invention i an :. nt er 1 e r ome t ei , consisting 
o: a liquid crystal means for adjusting optica] 
retarcance over a range of one wavelength or more, in 
25 combination with entrance and analyze; polarizers, a 
oetector, and contrcj ejectronics. If the incident light 
: c suitably poiarir.ee, the entrance pojarize: may be 
oi ni tied. 

The retarcance produces an OPD between the 
30 opt j caj component which is polarized aionc the ordinary 
ax: s oj the licuic crystal material, and the component 
which :s polarized alone the extra-ordinary axis. These 
comoonents are made tc interfere at the- analyzer 
poiarjzer, in analogy with a conventional two-beam 
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interferometer such as a Micheison interferometer. It is 
worth notinc, however, that since recombination is 
achieve:: without. use beamsplitters, thr present 

invention does not sutler the 50?. efficiency loss 
b associated with conventional interferometers. 

In designing an instrument according to the 
present invention, one must provide sufficient OPD range 
tc achieve the desired spectral resolution. According to 
the consent i onal r el at i onshi p, 
10 8X - 'l . 2 (OPn : ,,, x A) = / ? OPP w 
(1 ! 

So # the liquid crystal assembly must be 
constructed tc. achieve a suitable range e: OPD. Also, 
i-, mu2- be possible- te set trie OPP precisely and 
It reprodueibly , while varying it over what may be a wide 
range. Finally, the OPP must roe uniform across the 
aperture and over the f i eJ o-oJ - v;i ew of the instrument. 



The invention 10 is pictured in rigure 1, 

20 consisting of an i npu; polarizer 11 with transmission 

a>:2 c ] # an analyzer polarizer 3 3 with transmission axi^ 
5 nei ecior 17, and control means 18 connected to the 
detector and the RAU. Preferably, the axes 14 and 16 of 

2b the two polarizers are parallel to one another, and 
oriented at 4 b degrees to the slow axis lb of RAU 12. 
Incident light 1 is polarized by polarizer j'j so it has 
an electric field alone axis 14. It is resolved into 
components with electric fjelo oriented parallel to the 

30 slew axis lb and fast axir 19 of the RAU , and emerges 
iron, the PAU with the- sjow axis component retarded 
relativr- to the fast axis component by a selectable 
amount This amount, which : . c egual to the retarcance of 
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etweer, the crd; :>arv r.. : extraorciijary ccn.ponents, it i 
convergent tc rewrite equation [2] as; 
: ^ kl 0 [cos ( 2 7i z / X ) / -> 1/2 j 

[:-} 

wnere :. denote? th*- OP P. Fquat ;i on : * : . sane equation 
t. h a ■ describe? a M i c h e 1 s o n i n t e j: f e rometer h a v i n o 
raj a need miensj l\ ; in the two optical oaths. 

This ar: an oement may ne c per a tec as an FTS 
wjih cn OPD o:ven oy the retarciance of the RAU element, 
and it produces .identical int er fe r on ram data to that of 
an FTS instrument. It is therefore possible to use alJ 
oi the prior art developed for imaging and non-imaging 
FTS instruments in the context of the present invention, 
including data acquisition, windowing, averaging, and 
other data analysis methods. These techniques are weli- 
known in the art oi spectral instrumentation, and are 
net recited nere. k good introduction is available in 
Pemhard beer':. remote Sensing by Fourier Transform 
Spectroscopy, Wi j ey-I nterscience , New York (1991), but 
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tn: c 35 net meant as a limitation, since literally all 
techniques applicable to other FT? instruments may be 

use:: in the contsxt of the present invention. 

As lust noted, the present invention may be 
r, U£ec with the d.t, analysis techniques of the existing 
art for transforming inter xerograms to spectral data. It 
is similarly appropriate to practice this invention in 
concert with any other software, analysis, and 
aioontnms thai are applicable with other FTS 

10 instruments, or wh.-.r.L mane use oi imacnnn spectral 

■ , , ,-,r^t ion . !•>;: :sr J • - of ^n^tabje practices lor use with 

til , present invent ion include any known techniques for 

SPOCtr5 3 anal-si^ including without limitation 

.... ^..r,- ^r.P i F . Imeai decomposition, 

principaj t^ i '!--- ,,j, " n ' , 

11 oe.:crrc-j 5 tec spectre: analyis; o: image processing, 
including without Jim: tat: or, image segmentation, object 
recognition and counting, neural network analysis, 
oc-veiooment ol morpnoi ogi ca] indices; or combinations of 
spectra] and imaoe analysis as. aic known to those 

. 4_ v _ - ^ n f remm r. ^pnsiric, biomedical 
20 j ami liar witn tlit: «3 1 o, , < / 
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irr.aainc, or machine vision, where thesr 

j- c u tine ]. y emp 1 o yed . 

K jc worth explaining how the inevitable 

deficiencies ci construction may be handled. In 
oeneral, they correspond to equivalent deficiencies in 
the prior-art FTS instruments, and may r-e handled using 
the. methods already developed for those- instruments. 
Fr.rst, the orientation of the polarizers 11 and 13 may 
not be perfect, nor will the RAU 12 exhibit its slow 
3f . 5 ., :iS at the cesirec angle. This result, in a reduced 
adulation depth, lost, as in an interferometer having 
unequal intensities in the two paths. 

Second, tne retardancc- F arises from the 
birefringence of liquid crystal material in the RAU, as 
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or wa ve i ei ict h : 

OPDU) - OPD(/, 0 ) [dn (?0 / dn (/. c 



This is analogous to FTS a n s t r ujnent s where the 
OPD : 5 varied by intrGajciijc a material : r, one arm i;;,ost 
commonly, a oi^ssunzed cnamhe: filled with a oas), 
which cevejop- an OPD ha vine tne dispersion of the 
materia] be inc. mv reduced . Again, prior art met noes Irom 
h'J'S technology may be employed. 

Fo: ar * example o_' o:v way tc accommodate 
dispersion in the OPD, notice- that the OPD appears in 
the governing equation [3] only in the term 2ttz/a. One 
may accoum io; the effect of dispersion by first 
determining the spectrum assuming no dispersion, i.e. 
z( ^ ; a - given by z(a=a g ;, and then re-scalino the 
w a v e 1 e n o t h a x i s a s : 



t esca j ed 



[en (?v 0 ) / dn (/. iesc4ie d) ) 
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Thet 3 s, one performs the FTS analysis in a scaled- 

- -i <- irvp'ipnoth to account 
wavelenath space, then re-r-c,Je, wovej -i.?U. - 

for dispersion. 

Thirt, the effect, cf variations cf retarcance 

, _- r0 „ v„, aperture is anaiooous to variation i„ OPD 

" Educed t,y wavefront figuring errors »„ the errors of 

, Wcnel .on interferometer and «y be considered m the 

same way. 

Turning to the construction of the P*U , one 

?■ - i no J c 1 i nui d cr y sta ] 

■ . , w-o^ -,ih "i rh o y.u : r- s s o s a 
variable rr-r sroance ce.i i - - ^ ■ < ■ " 

o. -everai wavelength.- of OPD. The cell 20 can be 

:i;; r ,cec U!i nc t » => »-° ^ ° ? °- 7 "™ 

..-..^^ t-nrf^rp'- of which 
,. hlcr roxnino 7059F g.iass, c, u.,..~ — 

r nave been coated with ITO navino a sheet resistivity of 

hv Donneljv (Holland, MI) to form 
500 U/square Dy uo,llM =- LJ - 

94 The eiectrooes are 
ejectroaes , ... - J - in ' 

- nretilt a] i eminent using 

then treated to provide c > ou p^tii. 

mean£ Known in the art, such as spin-coating with 
on nm^idc and unidirectional buffing with caoth. The 
" are assented us.nc 32 micron alas, spacers 

nv ^ ?nr f 3 1 J ed with 

,..„ n .. industries ( Ha «t nome , ' enc 

ficuVcrvstal matenai ^. of type ^080 <™ 
mdu.t-rics,'. The results cell »i» -"P^ 
26 apcro.i.ateiy « waves o: retaroance at 63:- nm when 
uncover., dropping continuously for drive voK.ce. above 
t he threshold voltage v., : of approximately 2.2 volts, and 

on nrri retardance wner, driven 
exhibitmc approximately .0 nrr, 

witn 9, volts. Note that this drawing is not to scale, 
3 0 ac the relative thickness of the liquid crystal layer 
and conductive coatinos. are creatly expanded relative to 

the substrates to show detaij . 
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wren the 



11 - craven with , siualj voltaae a no gx 



anc expresses a greate: 
lG1 '- r:J ° ?D - Converse iy, the ecscjuK enor is reducec 
when the eel j ■ or i vp' - , 

■ "-: >: p resses a sir, a 1 j 0 P D 

It : s within the known hnnir r- 



t a 1 art to 

20 r,sY. fi a cell with , spacing uniformity of Jess than j 
cieen-llght fnng*. o, better than 200 nm physical 
spacing uniiorn.uv. j;. , celJ of ] j microns' thickness, 
this: corresponds to a variation o; approximately 1.6^. 
Consequently, an R7-.li -obstructed according to the above 

21 design would have a figure-induced limit of 1.6% of the 
mean wavelength oemc measured. Two approaches for 
reducing this arc, to use thicker celts, or to use glass 
witn a oetter f j ax. ncss ior the substrates. Illustrating 
this, one could construct a celi with 25 microns 
spacing, and approximately naive the variation, to 0.20 
' 21 = °- 8V °- the- OPD. A lower-birefringence liquid 
crystal material may then be usee, unless an increased 
OPD range is desired. 
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Howevei, when a single fiat -field cell is 
usee, there will be a considerable range of retardance 
expressed for off -axis rays, particularly rays for which 
the plane of incidence includes the liquid crystal 
b director axis. This is the effect noted by Itoh et . al . 
which led to the severe f i el d-of -vi ew limits of their 
apparatus . And, since the shape of the electro-optic 
curve is quite steep for voltage? just above the 
Freedncks threshold voltage V Th , one must have very fine 
10 control of the drive voltage in order tn afford precise 
^.r--»i- ro | nf OPD near this operating point . In all, the 
,,,,, 0 f a single fiat -field cell as tne RAU is favored 
only when the requirements for f i e] d-oi -vi ew and OPD 
v-ar.ae are relatively small. 
lt The arrangement taught by have is more 

suitable. It uses two cells, each with half the overall 
retardance, with their slow axes parallel to one 
another, but constructed with an opposite tilt sense. 
This provides an improved f i el d-of -vi ew . Also, since two 
- -, =_ h-if-n-r overall retardance can be 

achieved and greater speed is achieved compared tc a 
sinale, thicker cell. 

Another suitable arrangement is the pi cell, 
Lauaht by Bos et . al. in U.S. 4,582,296. It again 
2b si lords an improved f i el d-of -vi ew relative to the single 
cell described above. However, the maximum retardance is 
lower, since the pi cell is meta-stabie at low drive 
voltages, and decays to a twisted state. Typically, this 
decay occurs at a point where the cell expresses 
30 approximately one-third of the OPD of a fiat-field cell 
hevinc the same thickness and liquid crystal type. For 
thjf reason, a diminished retardance range is expressed. 

When two pi cells are used in optical series, 
i: is beneficial to provide compensation for off-axis 
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-o cells 



- n e t h r e s h c ] d 
on either sioc- 



t C 



pel a zer trans miss;* on 
" ' >V,5VG P^ate or: e:. tec 
- j c o ; e - a , v;h e : e the 



: a t : on : : i ro.i nen: 
■ series with .: - 



series with it:-- 



s c in opt j c 3 j 
or j en tea orthogonally to 



je a >: ": <■ 



Th 



i o n t ; a n c 
s j ow ax i s 2 
the first eel] 3C. 

naJ1 ~ v;avc P j at - r shouj d normally be 

the wavejenotn : ange of 
ir. a i er: ais for th 
component ar- we] J -known iv. 



a cn i cm a t .] c ove ; 
Methods and 



interest . 
cor s t ruct i on o; this 

t:hl ' art. The cveralj 
arrangement oJ ce]js and half-wave pi ate 
tne wide-fjeJc j et aider ejeiiienr 



-S anajoQous to 
msec in Lyot filters, 
and descrioec in The Biref ringem Filter, J. Evans j. 
Opt. Soc. An,, pp. 229-42 ,]9.5 D) . T hc- retardance of the 
cells sums, despite their axes being crossed, because of 
tne action of the half-wave plate between them. Also, m 
addition tc th, oenefits aescnoec iv Evans m tne 
context of Lyoi filters, for which the crystal axes of 
the waveplater typically lie- In thc- plane of the 
element, there is a special benefit when using liquid 
crystal cells: tne detrimental effects of having some 
];quid crystal molecules orients aiong the optical axis 
is greatly reduced. This prooiem has nc precedes in 
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fiiter construction, and js alJev]at.ed by the use 
o] a naif-wave pjate with its slow axis oriented at 0° tc 
the polarization axis 2 of light J incident on the first 
pj cell 30. Orienting its slow axis at 90° works as well, 
t The same approach may oe used to compensate 

four fiat-field cells, with a pair having opposed tilt 
angles being placed on each side oi the half-wave plate. 
These cells have the same problem of /.-aligned material 
(along the optical axes), but : or a aiven working OPD 
ti:r ,y exhibit a jesscr d-giee than the corresponding pi 
c e .1 on i o . jIi^ - - j ■ - 1 L ^ ^ '■" •-' J ' ' ^ — - - — - <~ - J - - ~ - 
3t- have slow ax--- 33 and 3: which are co-planar, 
aithouah the eel J s have oppos: nc ore-tilt to improve 
t ""! e i r r i e J c - oi - v i e w , ;i. i j d c c u i ^ n j u. w j i. 1 1 ui^ ^ ^ ^ ^ w ^ > > - 
1! Kaye discussec above. The difference in pre-tilt sense 
is indicated by the direction of the arrowheads in this 
Figure. Their slow axes are at substantially 45° to tbc- 
noiarization axis 2 of incident J right 1. Half-wave plate 
31 has its slow axis 34 oriented at substantially 0° or 
?(■ 90° to the polarization axis 2. Finally, cells 32 and 37 
nave coplanar slow axes 35 and 39 that are oriented 
crthoaonal to axes 33 and 38 of first cells 30 and 36. 

Alternatively, the effect of z-aligned liquid 
crystal material can be compensated using other 
2: techniques developed in the display industry. For 
example, one may make use of discotic film manufactured 
by Fuji for use in flat-panel displays. It may be placed 
on one or both sides of a cell tc reduce the effect of 
?-axis material, as shown in Figure 3c. This shows cell? 
30 30 and 36 with axes 33 and 38 that are co-planar, and 
oriented el an angle of approximately 4 5° to the 
polarization axis / of the incident light 1. 
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a r ; e a i: sine 



■ :". wi :r. v: ew::v: a: - a 1 e . The 
:c:n;::.nat i en or separately, 
^ r. i a a * " c c 
rethecs one is lima, tea to 



i t 



2 0 
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star i ■ 



: n v o i v a c 



j c ,\ A o a 

a x a c a 
: the 



Q n 7" ^ c 



t J 



cssemoiy a a too or eat. 
opticaj losses, complexity, 
ipcs-a smuiar limits en the use 



- : .■ - a l. ; i e 

varaatj c;. i a , CP P acres: 
Othe: lactors, such 
scatter, ana the like, 
of : ram; : a of pnaaa coJ j .«■: . 

Aii other approach ta c 
shown in Figure 4, which permits operation at hi ah OPD 
without correspondingly tight tojerances on the liquid 
cry sa a j cell a. Jt induces caaraa reaarde: elements 50 
anc — ha vino slow axe a be arc 57. PeroniP^ sr. 
rets i' g a ] i c e o ! K a ii d r e 
Following these in optica] series is a variable- 
retardancc- liquid crystal celj or cell: 
effective slow axis 5t and 
The slow azes of ali the* 
substantially 4 5° to the 



he; j i . ae t a roe: a a has i 
t j n as. a r e e u i ucd c e of 2 R . 



ja navinq an 
a retardance range ' (0, Rj . 
■s^ elements are oriented at 
.ransmission axis a of incident 



lj( ? ht ] ■ Liquid crystal switches 53 and 54 are placed 
between quartz retarders 50 and 51, and between quartz 
retaroe; 51 and liquid crystal retarde: 52, 
respectively. The switcher- are pictured a- twisted- 
nematic celis with 90° twist, whose director orientations 
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at the entrance faces are given by 59 and 60; and whose 
director orientations at the exit laces are given by 62 
anr j £2. Tnese are paraJ jgj and perpendicular, 
respectively, to the slow axes cf the quartz and liquid 
5 crystal retarders. A fina] liquid crystal switch 55 has 
tne same arrangement of its entrance and exit face 
directors 61 and 6 4 as in cells 5 3 and 54. 

This provides means for switching the action 
of retarders 51 and 52 from being additive with tne 

10 first quart/ retaroer 50, to being subtract ive 1 r om it. 
Typically, the fixed quart; reioraers in this type of 
PAb aif chosen to have a binary geometric series of 
reiardancoo such as RiI'R, etc., -nd the liquid crystal 
retarder is adjustable over a : anoe of at least |G, R] . 

11 Then, by proper switch settings, one may obtain any 
value of retarcance from 0 to 4R. The scheme may be 
extended with additional fixed retarders to achieve an 
overall retarcance of :" ,N43 R, wine re H is tne number of 
fixed retarders. In this way, hi oh OPD and high spectral 

20 resolution arc realized. Other retarder value choices 

-i ^ . , ^ ^ ^ i i ^, "l I rrr.iri heH fhflf t h P V PHflhl P 

ma v oe cmijjj uycu ^^v.^^^ . - 

spanninc the desired rang'- overall retarcance, or 

OPD. 

The operation ot this assembly is worth 

21 describmo in some detail. In this discussion, we make 
use of the common approximation that an undriven 
twisted-nemati c cell with twist angle of (J introduces a 
co-ordinate transformation that is a rotation by p; and 
that it introduces a retardation (or OPD) between the 

30 component of light introduced along the cell's slow axis 
and that introduced along the fast axis of : 
Rswitch = SnD//. f 8 ^ 
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s c common 
action. 1 n 
■' : - a r. this, 
' : • - c r , 

ef ringer; t 
:r cne slab 
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switch action. In desiqnina a 



;u]oe tne choice oi 



il 1 0 1 h c- J. i K o . h o w ever, to 
■•'^ct act J on, on- may simply 

model which incorporates the 
t raj; si or mat i on a no retard at i on 



~^ < •••n. r to consicer; n 
oe; ermine the quality 
practice] system, trie so efi 
ma;errais, t hi c kin-.- s s en , ,:. 
understand the basic svm 
consider the simplified it 
e t i ecn oi co-ordi nat ( ; 
n e t w e e n t n e principc, axes o f t i j e? cell. 

1 - 5iJ l i j r switch cells arc driven, the 
■ ^ ^ ...-». j ^jjcj^uavc cinu ]ndy d e iqnorec. 

Thus, the slow axes 56 and 57 of the fixed retarders 50 
and 5] are effectively paraliel with the sjow axis 58 of 
variabje retarder eel J 52, and all their retardances 
ado. In this way, one may generate OPD values ranging 
: 1 ::r ^ h to with continuous adjustment possible by 

variation of the voltaoe applied to cell 52. 

Next, consider what happens if switch cells 54 
ano cell 5b are undrjven. Switch eel] 54 ados its own 
retardation of R, WJlc: . = 5nD/X and then rotates the 
coordinate system 90°. This causes variable retarder 52 
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to have an opposite sense from that of retarders 50 and 
51 its retardancc is now subt r a el: 1 ve , yielding a 
ic-tardance (prior to passage through swi ten 55) of 

5 [9] 

Now consider the effect of passage through 
switch 55 in the undriven state. Provided that the 
lW3 sted-nematic switches have matched construction, the 
retardation B ;;v:lC h of switch 55 eouaJs that of switch 54, 
IP hnr its retarn-n-c i <= ^nMr.rti^:, net sdditivc, because 
it is situated after the 90° coordinate transformation. 
So, those components which passed through the slow axis 
r; ,r switch 54 wi;j pass through the last axis of switch 
55 and vice versa, and the retaroances K.^td: of switches 
]i 5.; and 55 cancel. Switch 55 introduces its own 
coordinate transformation of 90° rotation, which makes 
jv )r £ tota] transformation oj ]fi0°, which 35 
mdi stmquishabi e from the unt r an s 1 ormed state. So, 
undriven switch 55 corrects for both the coordinate 
20 transformation and the retardancc introduced by undriven 
switch 54. 7h' overal] result o; switches 54 and 55 
being undriven is to switch variable retaroer 52 from an 
additive to a subtractive sense. 7 j .s OPD of variable 
retarder 52 is varied from 0 to R, the overall OPD 
25 varies from 3R to 2R. 

In oenerai, there will be an even number oi 
ootically-rotatinq switches in the RAU. If one adopts 
the- convention that OPD is defined as the optica] path 
jength alone axis -+-45° to the incident polarization 
30 vector, the overal j retardance will be given by: 
OPD = Ro + SW 3 R : . •! SW]SW 2 F.2 - * SW 3 SW ; ...SW n R N 

[10] 
where : 
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Th: - scheme a r cujir- General, anc can be 

practiced wit;, any desired number of reiaroer^. it is 

~ ..-v. • a' . Oj Uit rei; a roe is be 
parajje- wjtn one another. ] ; e or lucre re;arc-^ 

f ' ' ' r: ' ■ - J ' • * t J c: L 2 V 1 i C t h O 

above example, it merely chances the sense of that 
retaroe: Mom additive tc subtractive, anc one must 
adjust thr switch setting accordingly as wilj be 
obvious tc one skilled m the art of polarized light 
optica. Cther materials thai, quartz may be einpi oyed as 
desired, such as polycarbonate films, mica, caJcite, 
liquid crystal polymer films, and tne like. Nor is there 
any restrict: or, that only c single retarder in the 
assembly be- variable; the same principles can be used in 
an RAU incorporating two or moj e liquid crystal variable 
retarded K :s best to match the dispersion between 
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the liquid crystal materia] and the fixed retarder 
material (s) employed, over the wavelength range oi 
operation . 

Other switches may be used instead of twist ed- 

nematic type. For example, half-wave plates may be used 

as a suitable switch. These could be used in several 

ways, such as having a faxed retardance of X/2 and a 

• ^ . r .: rrM Ho^ that ^ --p] ectabl e between 0° or 
s J o w a x l s i j r .1 e n i- a »_ j o i * l.jcii 

c o nr on c ?nd +/- 4 5°; or having a fixed slow axis 



10 orientation cJ 0< or 90'- and & variable effective 

c _ i .ui r . , •,'•-♦••! 0 and X//. In some 
r e t a r o a n c e u.r-L j - - - v - l - l - J - j 

arrangement.-: (such as a /.// pJate h avin <? 3 switchablc- 
slow axis between 0° and 4 5°;, the- switch introduces a 
retardancf wnich must be accounted for in calculating 
1L the OPC Use- of achromatic hell -wave plate oesiqns is 
favored, as in the prior art apparatus of Sharp et . al. 
These operate- by a different switch mechanism, but 
produce the same overall effect of switching the various 
retarders' interaction from beinc additive in retardance 

?0 to being subt ra ct i ve . 

Anv switch which performs this function may be 
employed tc form an RAU . For example, a mechanical 
switch could be used to er,cag< and disengage the fixed 
retarder elements, or to rotate their axes to an 

2b optically-inactive position. Nematic liquid crystal 
cells, ferroelectric liquid crystal cells, or other 
eiectro-optir switch materials may be employed, 
according tc the switching speed requirement, wavelength 
range, and other factors. All that matters is that the 

3C elements' retardance be switched into or out of the 
beam . 

For example, the RAH of Figure 5 uses fixed 
retarders 5C, and 51, and liquid crystal variable 
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••• - retiarae: 



j. : 



2 0 



3 0 



ii^cti v ,: :, c 



e j events 50, 



expj e-?es 0 . Inciaen; I j 



- - - c: : / • ■ : switch ] ( : I 

ant poJari-ed at 0 C as reflected 
- an mentation of 0- by swatch 160; at o^ 5G? tnrouch 
reorder 50 entareay ajcnc its sjcv; 
^ c developed. It ther. exits 
or a e n t a t i ^ r •, of c P -.^ - 



or j e 



2.5 5 0 and no OPD 
retarder 50 with an 

reflected oy swat en 0: f: 



is ef i ect j vej y removed 
e? and may dp saia to be 



. a t j o r i of 0 C . 2e ; a : d»a : 
: rc;i. to a- system by thes r - swj 
ODt3caiJV absent, ^najarjy, when switches 3 GO and 1 G2 
express a/2 and swatch jGj expresses 0, both retarders 
bl c:IJC 53 are optically aosent; ci, wnen J Gj and 1G2 
expreao X/2 and 160 expresses 0, retarder 51 is 
opt: j ca2iy absent. VariabJe retarder 52 a j ways exhibits 

]t;c 0i "' L - 3n this v;£ V' desired rezaroance in the 

range 10 - 4R] may be devejoped. 

For this arranoGinent, the table of 

settmc5 and OPD vaJues :s: 



switch 
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TABLE 2. 

Retarde: 

^■20PD 

setting 


Switch ]60 Switch ] 6j Switch 3 62 


Overall 


Setting 


Setting 


Setting 


OPD value 










[0 - Rj 


XI 2 


0 


X/2 


[0 - R] 


10 - Rj 


XI 2 


XI? 


0 


[R - 2R] 


[0 - Rj 


0 


XI 2 


XI 2 


[2F - 3R] 


[ 0 ^ R] ^2 


0 


0 


0 


(3R - 4R] 



This scheme may be similarly Generalized to use with 

v^iiou: numbers of fixed ret.arders having vj nous 

r fniri^ccpc^ Rn ,i various means may be enipjoyed for 

switchinc. For example, there are achromatic half-wave 

c- v;: 1 « and rotators, a- wel] as arrangements using 

>~i^~t ; -i ^ 1 i c, f ivpH rmnnensalor or waveplate eiements, 
r ^ - ^ L - ■ — - - - / - - - - - ■ : 

ano combinations thereof, which are ramiliar to those 
10 skilled in the arts oi polarization switching and of 
Hauid r.rvstal displays. These may be used an place of 
the switches described above, provided that the effect 
is to switch in or out the OPD of the fixed retarders, 
and that any side-efiects (such as an OPD shift or 
15 coordinate transformation introduced by th*- switches 
themselves} can be cancel Jed by other elements, or 
correct ec for in the overall operation of the 

inter! erometer . 

In any RAU, it is of chief concern that the 

20 retarcance, or OPD, be well -Known in order that accurate 
inter! eroorams be obtainec. This can be achieved using 
dead-reckoning, where the properties of the liquid 
crystal elements are well-known by prior calibration, or 
by means oi a non-optical in-situ measurement, such as 

21 the capacitance monitoring method described in Miller's 
U.S. I, 247, 376. 
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of reference oeam 71, R is the 
OPD expressed by the RAU, and I 0 is U,e intensity at an 
OPD of 0 (equation ] 1 a ) or X/? (equation lib). Equation 
J la is used when the transmission axis 76 of the 
analyzer is parallel to polarization axis 72, and lib is 
used when axis 61 i < ; substantially perpendicular to 
polarization axis 72. 

In practice, there will be errors introduced 
cy imperfect optical construction, stray light, anc 
Electronic component- which introduce a DC offset to the 
reading of I (a, R; . These can be aea]; with by methods 
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familiar to those ski] Jed m the art oi opto-ej ectroni c 
instrumentation, such as noting the maximum ana minimum 
value:- oi. I (a, R; and sea line equations 13a and 13b 
accordingly . 

The result of the measurements and analysis of 
the reference beam 71 is a table oi the RAU's electro- 
optic response for various applied voltages and switch 
configurations. This :s used to determine- the required 
drive conditions in order to produce a desired OPD in 
3 0 s u D s tuuent ) ne a s u r em e n t r. . 

It mav he P'-ctical to use v'nc detector 37 as 
oetectoi 7b, oi polarizer 3 3 as polarizer 74, if this 
Simp: ifies the aesicr. snc makes for a more economical 
.-.•stem. The beam 71 can be introduced through the main 
11 ai.erture, in time-alternation with the sample beam 1, by 
mechanically translatinc if into ano oui of the beam. 
0;, a separate but representative region oi the RAU may 
i-v: dedicated tc t'm reference beam 71. It may be 
necessary to provide a shutter means to close off the 
20 sample beam 3 ourinn the measurement of the RAU 

- — 4- „ -i" -r- e- it S + ri mepciirpmPTlt c 

characteristics, i: ne^m j j n l ^ .> > <- - — ■ 

of the reference near,,. To minimize mterierence between 
tnese beams, it may be beneficial to reverse Lhe 
di recti on of beam 71 and relocate elements 7 4 and 7 b 
2b accordingly, so thai beam 71 passes through the RAU m 
reverse direction from the main beam J. When detector 17 
is distinct from 7b (or they comprise different spatial 
regions of the same detector), it may be desirable to 
use a wavelength 'i. for the reference beam for which the 
30 sample detector 17 is not photoresponsi ve . Also, one may 
elect to use a spectral filter at detector 7b that 
preferentially transmits the monitor beam wavelength a 
while not having hi ah transmission at other wavelengths. 
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tne licr.t I as e:k-.,t. : r. Figure This 

' CV ' deS lc: 5 i'esr-cioublin? c: the optical efficiency 

* — — v iJ - — - ... ;;c . a r : ~c:t :. or, s:a;. 

::ntr:DUtG£ l ' : the signal a: detector 17. Overall 
... ;;-;.:-£, C r iS ± i although ;r 

: o :::ce j : ? • . ■ - -■ ; • ,- r . ^ . .. 

•"- ■ -~qu:c c;yrta] 

l;:;.i: r: a: tcx;:- r 6J y ,. L : . ,. ,, u;<> 
~ ; ' JS lr V 1 " a:K - ,K - en, col efficiency 



a 5 t h e 



:;::ul oi 5 ° s twc-beam n; eri e: ometers such 

:::c - :sc: " ^ .'<:." i. a: ty-c, that t:h , 

: ij.TiS at a re./ 5( oeamspiit i_e: . 

Incident beam 1 contain? polarization states 7 
and 3, which a:e separated inic trains G and 7 at a first 
polarizing i^aiKsplitter 4 and cii:ected through the RAU, 
or through tne RAU 12 by means o: a reflector i. Afte: 
passing tnrouch the RAU, bean, ( reflects of! of a 
reflector { and joins bean, ' at a polarizing 
beamsplitter i- . Tne result is f.na: the two beam? t and 7 
correspcnrii;,.;. it orthogonal pel a r i : a t i on states oi esen; 
in the maiden-, he am are pioce-Gc in adjacent a re c s of 
the RAU, and then recombined without loss. 

Typically, polarizing oeamsplitters <j and S 
transmit Ijghi having a polarization axis that is 
coplanar with the normal to the hypotenuse plane of tne 
beamsplitter and reflect the- orthogonal polarization 
state. This means that the overall assembly in Figure 7 
acts to rotate the polarization state of incident beam 
i, and tin- interference a1 an OPD of R=0 will be 
destructive, not constructive. Tne interf erograms will 
therefore navr complementary intensity to those of a 
conventional FT5 instrument. Tc remedy this, one may 
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insert a hail -wave plate immediately after the RAU, as 
indicated by element BO. It- s.low axis 81 is oriented at 
+ /- -15' relative to the polarization axis 2 of beam 6. 
This changes the polarization state of beams 6 and 7 by 

5 90° be! oi.? they encounter PEC 9, so the interf erograms 
nave the norma] intensity patterns, rather than being 
complementary. It is wise to use an achromatic half-wave 
plate for element 80 if the incident beam j has a 
significant range of wavelengths. Element 80 may 

]0 alternatively be placed on the entrance face oi RAU 12 

The two beams exinno the instrument ol Figure 
7 will ^:v>- some inevitcbJ- degree of rru Sr, ] j qnnient , 

u „ ~„r.^*-r^<-v^rM- tniprpnrp 1 - ol the PBS 

a r a s l n c i r om l i h- ^ u i i o u j u . i. j w , . - .. ^ ^ ~ 

U elements and the like. At ieasi one of the mirrors may 
be made adjustable so that the beams can be registered 
perfect!- Devices constructed along this design nave 
shown registration errors oi Jess than one pixel across 
an image of 1030 x 1300 pixels. 
20 . Another benefit of this arrangement is shown 

ir; Figure 8, which shew: the incorporation ox <= 
reference beam 71 for optical monitoring oi RAU oy means 
cf the pBS elements. Reference beam is introduced at the 
si.de face of PES 4, where it is split into beams 91 and 
25 c l2 having polarization axes 92 and 90, respectively. 
Beam 9L passes directly to the RAU 12 while beam 92 
reflects off mirror 5 and then passes to the RAU 12. 
After leaving the RAU , the polarization state of beams 
91 and 92 are transformed to the orthogonal state by 
30 achromatic naif -wave plate 80, and then pass to PBS 9 
(by way of mirror 8, in the case of beam 91). 
Photodevector lb measures the intensity of the resulting 
beam and communicates it to control electronics lb. 
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j c e : earn / . . 

• * " • ■ ' ■ - - - n 0 - : e n c up.:, a s 1 n c .1 e o 1 x e ] o * 
- • ] : ~nov;n a - ^ r unction of OPT 1 o: 
Oj various wavelengths and 
. Light of wavelength 600 nm and 
- units produces a response shown 
h: ' j0 -' 1:1 ght o: -80 and like intensity produces a 

response shown as 102, and light of 650 nm and intensity 
O.M.; arbitrary units produces a response snown as JQ2. 
Note that signals ] 0 : and 102 are 
a; an CPD of 8 . */ 1 



exactr 



: j g n a I proauc e : 



out-cf -phase 
response in 



a c c o r n w 1 1 h e q u a t i o n | 1 j 

These signals produce an electrical response 
which is a function oj the spectral responsivity of the 
oetector 17 at each component wavejength, and of the 
imensity pattern- of each component, as shown in Figure 
k silicon photodiode will exhihi* a response as 
snown m Figure 9b. For these devices, the quantum 
efficiency is nearly constant in the visible region, so 
3 or a given intensity the photocurr ent is approximately 
c-roporti one] to waveienath for si anal s. 
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S3 na 
err « 



r nnionr at :i on a 
me:no r y 



TTr^ninc FT^ .instrument, an 
In use Bt an imaging 1 

, nt ,rieroaram is oeveiooec at each pixel which indicate, 
tY r .pectral emission conespondinc to a Given point in 
th , 'obiect being imaged. For each pixel, the 
^t-feroaram readings nust be transformed to a spectrum 
to yield spectral data. This process being identical for 
e =.cb Pixel, we will discuss it only in the- context of a 
- F _ plxe] syst em. However, it. will be performed for a 
, ~ number of. pixel*, when an imaomg instrument is 

Thl . n3 -„~r-c meat vainf on achieving 
] 0 f fn'.t rue tec . i ni . |.j .. ■ ■ 

efficiency, in terms of minimizing the 

retirements, instruction cycles, anc so forth 

tnat are required. I, the same time, the massively 

, . „.,-!-,+■ s r>r. enables the use of 

nar? i]ei nature ol trie- ^^^ 3l] ^ ....a..- 

Loware and software that are optimized for highly 

parcljej operations. 

^i -i cpnnenre i or instruments] 
The funcsnientcj sequent 

c ,,eraticn is outlined in Figure 10 for a single pixel. 

.etectoi readings are taken while the RAU is stepped 

crouch ■ sequence o! OPD values. Typically, the OPD 

f .,ct rhosen in step 100 based on some 

S 3 ' 7 e WJ.il x a J- — ^ * — 

edae of the spectral content of the scene, and will 
selected to be r^v enough to avoio aliasing m 
accordance with the condition: 

2b hz I (lArhort - 1/^jona: °- 50 
[12] 

v-nere ft z is the OPD step, and and k- ia n 9 are the 

l ; ,- r .,c 5nd lonoest wavelengths which may be present in 
th „ incident beam 1. The readings are taken in step 10J 
30 over the range [0, Z msx j . where 



lb 



st e 
k iiov; 

be 



anc 



113] 

8X i S the spectral resolution obtained at a 
aveiength of The resulting readings arc- analyzed in 
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- - - - : ^ - - - • 'farm : :. a a :. r. is a: : : 

:rr o.s^ers::;, ;:. ste:; 1 5 : m ::. - t:m ;:,e::;oc5 cescnoec 
~ : - v > - 1 ' - : - -w tc a speciru:: 5 :/-•:,, . 

Often, this cons;s^; simply c: ce; ^:;;.i;;;nc the cremate 
- — spectra, ,am ::. is c;.a;ac;.c-r: s:m if the CFo step 

a :. i e ;■: cv:rsi c- : a , a :. a a : t a - : ; a a e ; a ; a : ■■ c : t h e RA l . T h e 
;a;:e arrearage- - Y T - : " • t ° - •• • a • a ; . a a retained under 
t : e s e c c. ;i a i t ; e n a , s a cr. as a j r p : >; a j a w : t ; i i a an i ;ma c a a; r 
- : - - - • f -' :;> - '■ ! ral a.a a.a/a' y a: taa detectc: aa 
t a a a a a : a a.:;.- - a t a a - t a a n car: - : a 1 - a * a ; ■ n step 154, - a 
V ■ ' - ^ spectrum Ii/- ;uc - '.at;, : • ma ;a that are express--: 
: • units c: eitmvm : a; i v- aa a :--aj;;e intensity. 1 a j - 
spectrum may then be displayea a:. ra step 255, or savec 
1 or later u s c- as in step 1 b C , c r u sec as an input t o 
;■ : h e r calcu: at j era as i n step I 5 T . 

As noted above, thej"a a : •• many lechnicues from 
tra field of FTS analysis, and in genera] they may he 
employed in the operation ci the paesent invention. Of 
particular importance are techniques for windowing, for 
soectral calibration, and for" dispersion correction. 

Trie methods described above lor the 
construction of the RAU and the uvera] J .invention can be 
combined with the genera] ar: of optica] besiun, 
mterf erometry , and polarization control to achieve the 
purposes of the present invention. 

Thus, while there have shown and described and 
pointed out fundamental nove] features of the invention 
as applied to a preferred embodiment thereof, it will be 
understood that various omissions and substitutions and 
changes m tht form and aetai.Js of the devices 
illustrated, and m their operation, may be made by 
those skilled in the art without departing from the 
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spirit of the invention. For example, it is expressly 
intended that all combinations of those elements and/or 
method steps which perform substantially the same 
junction in substantially the same way to achieve the 
5 same results are within the scope of the invention. 
Moreover, it should be recognized that structures and/or 
elements and/or method steps shown and/or described in 
connection with any disclosed form or embodiment of the 
invention may be incorporated in any other disclcsec or 
"10 described or suooeslec form or embodiment as a General 
matte)- of desior, choice. J" i . r the intention, 

therefore, to be limited only as indicated by the scope 
of the claims appended hereto. 
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• •••• -o; ' c* - - a : ; t , ; y :;a ,: s : : ,e t : . • twc ccmpoi j*?;"; t s to 
10 intertere; 

a phctodetecto: lesponsive to the mterierec 

iichi ; a n o 

a computer in cc'iiinuaacatjcn with the variable 
retarder and the phot ode t ect or win ch determine? spectra] 
20 properties o- the ancjcen; ]jght based cr. the 
phot ode; eel o: 5j onal at varjou.* values of optical path 
del a v . 



2. The birefr mgern j ni er 1 er omet e: oj claiiii 1, 
20 wherein the variable retaroe: is a nematic liquid 

crystal p: cell. 

3. The birefringent i nt e i er omet er oi claim 1, 
wherein trie variable retaroe: comprises a plurality of 

hematic variable retaroe} liquid crystal cells in 

3 0 optical series. 
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f: Mreirinaeni interl erometer of claim 



wherein two liauic crystal ceJis :n immediate succession 
are fiat-field variable retaroance cells having opposite 

sense of tilt.. 

l_ The birefringent interferometer of cJaim 

3, further comprising optical compensation films for 

improving the field of view. 

(-,. The birefnncent .interferometer of claim 
further comprising a ha3 1-wr,vc plate belw^en two 

i^ow^ v-.r r - ; rr-Us. oriented with its slow 

] u s u c c e s s j v v. ■ j u - - - Cj - ■ - 

axis parallel to the P ol ari rat i or, axis of one of the two 
states of polarization. 

. The birefringem interferometer oi claim 
1, further comprising a retaroance sensor that measures 
Vj t - e optical path delay produced by the variable retarder 
element . 

The birefrinoem interferometer of claim 

4- r- v"vi=bir- rr-- r-roc-r element comprises at 
7, wherein fne vaiicDic .v.^c.ij.. 

least one nenatic liquid crystal ceil and the retaroance 
20 sensor comprises an electrical measurement o^ the 
capacitance of the liquid crystal cell. 

9. Tne birefringence interferometer of claim 
7, wherein the retardance sensor comprises a source of 
monochromatic polarized light which is directed through 
the variable retarder element, and a photodetector which 
senses the variably retarded light. 

DC. The biref ringer,", interf eromete: of 1, 
further comprising pol an zat3 on-sensitive optica] 
elements for rendering the interferometer substantially 
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1 : . The to : • : r: :.oe;.t inter] eroineie;" of claim 
] C, iurtiier comprising a retardance censor thai 
15 measures the optical patn delay produced by the variable 
j 1 1 a r der el einent . 

14. The ha ret rmgent inter! eromei e: of claim 
] '-. , v/nereiL the rc-tarcancf: sensor comprises an optica] 
source providing a beam ox monochromatic light disposed 
2C i r : rass through the vara able retarder element. 

lb. The birexrmgent interferometer of claim 
wherein the polarization sensitive elements comprise 
ai j east one polarizing beamsplitter and wherein the 
beam of monochromatic light reflects off the hypotenuse 
25 face of the at least one polarizing beamsplitter. 

] 6. The bi r e f r i ngent interferometer of claim 
It, further comprising a second polarizing beamsplitter 
located on the opposxde side of the variable retarder 
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element trom the first polarizing beamsplitter, and a 
ohetoaetector disposed to receive iicnt which reflect- 
iron, the hypotenuse race of the second polarizmc 
beamsplitter . 

5 17. The biref ringent interferometer of claim 

lb further comprising a second polarizing beamsplitter 
jocated on the oppcside side of the variable retarder 
element from the first polarizing beamsplitter; and a 
ohotodetect oi disposed to receive light which is 
w .. ,-nrr,i t T e n rhrQiion the second pol ari zinc beamsplitter. 

16. Tne biref ringent. interferometer of claim 

4 ,-„^v rnmnn^.nn a fixed retarder element anc an 

optical switch thai engages or disengages the fixed 
retarder element to provide a selectable optical path 
]t delay. 

19. The biref ringent interferometer of claim 
. _ > . c ; r . r-i K ^Trh. ic p nr-mar ir liauid crystal cell. 

20. The bi ref ringent. i nt er 1 erometer oi claim 

19, wherein the switch is a twisted nematic liquid 
20 crystal cell. 

21. Tne biref ringent interferometer of claim 

20, comprising a plurality of N fixed retarders and N + ] 

twisted nematic cells. 

22. The birefringent interferometer of claim 
pt. oi, wherein the N fixed retarders have a substantially 

binary sequence oj retardances. 
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2t. The biref r i haen r interferometer of claim 

25, comprising N fixed reteraers and N-O optical 
1 5 swi t che s . 

27, The biref rinoem interferometer of claim 

26, v:here the sv:itches are- variable retarders having a 
retarcance that is adjustable from substantially 0 to 
substantial J y one half wave, and a fixed last axis 

2C; orientation which is oriented alone one of the angles 
422.5, -22.5, +67.5, and -67.5 oegrees, relative to the 
polarization axis of one of the two states of 
pola r i zat i on . 



28. The biref ringent interferometer of claim 
25 18, comprising N fixed retarders and N+l polarization 
rotators. 
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29. The birefrmcenr j nt er i erometer of cjaim 

to fivpH r^Tardpr? have substantially 
26, wnerein the N j lxec loi u ... 

equal retarciance . 

30. The birefringent interferometer of cjairr. 
b 26, wherein the N fixed reorders have a substantially 

binary ratio of ; etardances . 

31. The birefringent int erf eromter of claim 

or that measures 



]8, lurther comprising a retarcance sen: 

t l ie Op t i Cc: 1 ]-".; ' 

j 0 e J ement . 



delay pi educed by the vanabje rciaroe: 



ni eri erometer ol ciajn. 
U , furthe: comprising polarization-sensitive optical 
elements tor renoering the int eri erometer substantially 

• ^ • •«-., t- ,- lir-hi o f any incident 
equa] in sensitivity to la cm o. y 

]b polarization state. 

3i. The birefringent interferometer of claim 
32, wherein the- polarization-sensitive optica] elements 
comprise two polarizing beamsplitters on opposite laces 
of the variable retarder element. 
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34. The birefringent interferometer of claim 
33 further comprising a half-wave retarder, adjacent to 
one of the entrance and exit faces of the variable 
retarder element, which transforms the state of 
polarization of light passing through it to the 
25 complementary state of polarization. 

3b. Tne birefringent interferometer of claim 
33 further comprising a retardance sensor that 
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